Abstract. Linkage mechanisms are major parts of robotic gait rehabilitation systems. Four-bar linkage mechanisms are the basic forms of linkage mechanisms synthesized for human gait path generation. The relationship between the limiting position characteristics of linkages and gait trajectory phases need to be analyzed due to the timing requirements of gait training. However, it is seldom mentioned among the available literatures. A new synthesis method and genetic algorithms based optimization of the basic linkage mechanism is presented in this paper, which contains: (1) the desired human gait path curve, (2) the new synthesis method of the basic linkage mechanism, (3) optimization and simulation of the basic linkage mechanism. The coupler curve generated by the mechanism designed with this process is shown to match well with the desired gait trajectory, illustrating the feasibility of the presented method.
Introduction
Human gait is a natural, fluid flexible but highly complex action, requiring the integration of mechanisms of locomotion and motor control with the musculoskeletal function. To achieve healthy human gait, it is required for the human's central nervous system to control efficiently the action on the skeletal system with different degrees of freedom. Researches on neuroplastic mechanisms and rehabilitation indicate that introduction of repetitive locomotive training as soon as the patient is able to perform simple gait cycles can enhance recovery from gait impairment [1] .
Traditional gait training physiotherapy done manually by therapists, requires at least three therapists to perform the repetitive lower limbs motion of a patient. Robotic gait rehabilitation systems, such as linkage mechanisms, decrease required number of therapists of each session to one, provide consistent and efficacious gait training, and allow a greater number of cycles performed for longer rehabilitation sessions, have been used in the domain of gait rehabilitation since 1980s [2] [3] [4] .
However, the cost of some of these systems is high, such as Haptic Walker [5] , a multi-degree of freedom mechanism, simulating human's regular and stair walking to generate foot pedal motions, make them only available at large rehabilitation centers, and not practicable for patient to use at home. Thus some inexpensive and efficient one degree of freedom linkage mechanisms have been presented to trace complex planar curves like the ankle trajectory, including four-bar mechanisms [6, 7] , six-bar mechanisms [8, 9] , and a cam-linkage mechanism [10] . Ji [6] and Alves [7] synthesized a four-bar mechanism to be used in such a gait training system, taking into account two gait phases of a complete gait cycle. Wang [8] presented a six-bar mechanism designed to mimic the preferred trace of children's ankle joints. Tsuge [9] combined homotopy solution with the structure error equations to obtain a six-bar linkage mechanism matching the gait trajectory of a human ankle to act as an exoskeleton for rehabilitative treadmill training. Projects have been recently developed in order to develop linkages to simulate human walking using 8 bar linkages [11] . However, since the aim of developing single degree-of-freedom linkage mechanisms for gait rehabilitation is to make them more available and practicable for patients to practice at home, the four bar linkage is more suitable to be synthesized for gait rehabilitation, as one of the most common, simple, cost effective and versatile mechanisms.
Human gait is a particular form of highly efficient and functional human bipedal locomotion. Its path curve generation is the kind of continuous path generation [12, 13] need to use some optimal techniques to get an optimal solution. Among these optimal methods, such as fourier descriptor methods [14] , nonlinear least-square methods [15] , graphical methods and analytical methods [16] , are all gradient based search techniques, which make their application areas limited due to the high complexity of derivative calculation of structure error equations during the process of synthesis of linkage mechanisms. Unlike the methods mentioned above, genetic algorithms (GA) employ genetic operators, such as selection operator, reproduction operator and mutation operator based on probabilistic search techniques to search for optimal solutions, which do not require any calculation of derivatives and make them more suitable for the optimization of continuous path generation [17] [18] [19] [20] .
This paper is organized as follows: the desired human gait trajectory on human sagittal plane is derived in section 2. Then in section 3, the method of concept design and kinematic synthesis of the four-bar mechanism is proposed. In section 4, the genetic algorithms based optimization method of the four-bar linkage mechanism is introduced. Finally, section 5 draws some conclusions. Figure 1 shows the schematic drawing of the gait kinematic model and correspondent parameters, where the hip and the knee are both modeled as hinge joints, h θ denotes the hip angle and k θ denotes the knee angle, 1 L and 2 L represent the length of the anatomic segment from the hip joint to the knee joint and from the knee joint to the ankle joint respectively. Following the similar treatment adopted in the literatures [6, 7, 10 ] the kinematics analysis of gait trajectory does not involve ankle plantar flexion and dorsiflexion in this study and the gait trajectory can be represented by the ankle joint trajectory. Assuming H x and H y represent the location of hip joint, ai x and ai y represent the ankles Cartesian coordinates in a given instant of the gait cycle, the position of the ankle joint can be obtained as
Desired Human Gait Trajectory
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where, hi θ and ki θ are the average hip and knee angles at instant i respectively. and applying the average hip and knee angles, we obtain through Eq. 1 the desired human gait trajectory, as shown in Figure 2 , where the discontinuity in the trajectory is removed by replacing the ending with the starting one. 
Conceptual Design and Kinematic Synthesis of the Gait Generation Mechanism
In this study we focus on a basic four-bar linkage mechanism as shown in Figure 3 , where For a crank-rock linkage mechanism, there doesn't exist any dead point position when the crank is the driving link. However, there still exists two limiting positions, one occurs when AB is stretching collinear with coupler BC, and the other occurs when AB is folding collinear with coupler BC, as shown in Figure 4 .
The crank angles corresponding to its two limiting positions could be presented as As shown in Figure. 4, assuming the crank AB rotates at a constant speed counterclockwise and the acute angle between the crank AB at the folding collinear position and the crank AB at the stretching collinear position isξ . It could be presented as where m is the points generated by the guidance mechanism corresponding to the stance phase. The angle that the crank AB continues rotating from the folding collinear position to the stretching collinear position should be 180 ξ + (corresponding to the swing phase of gait cycle), the crank angle at any instant during this period could be presented as where n is the points generated by the guidance mechanism corresponding to the swing phase.
ϕ could be derived from Eq. 2 as follows sin arctan cos
Then the coordinates of the coupler point P ( , )
P P x y could be obtained from Eq.2.
Optimization and Implementation of the Mechanism Objective Function of the Mechanism
Since there are only nine precision points for four-bar linkages [6, 21] , this paper presents a new method to establish the objective function of the guidance mechanism based on the shape similarity characteristics between the desired and generated trajectory, aiming to get the sum of the mean-square distance between the prescribed centroids and those on the coupler curve instead of paired points and minimize it as follows
where, ( , )
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Ci Ci x y denote the coordinates of the centroid point on the ankle trajectory and that on the coupler curve respectively, and i w serves as a weighting factor for each pair of centroids. The value of m is 9 for this specific application.
Two constraints are taken into account in this study:
where min L is the shortest links, max L is the longest links, L′ and L′′ are the rest two links. 
Implementation Details
Assuming the boundaries of the design parameters is as shown in Table 1 . With the genetic parameters 100 .With the solution parameters, the coupler curve is generated as shown in Figure 5 . The ADAMS models of the proposed rehabilitation robots are built (see Figure 6) , and the analog simulation is carried out with ADAMS, which illustrates the feasibility of the proposed approach. 
Summary
In this paper, an optimal synthesis method based on GA is presented to synthesize a four-bar linkage mechanism for gait rehabilitation. The paper analyzes the relationship between the two limiting positions the linkage and the gait trajectory phases, and use them in the optimal synthesis process. The coupler curve generated by the mechanism designed with this process is shown to match well with the desired gait trajectory, illustrating the feasibility of the presented method.
However, the synthesis of the gait pattern generation mechanism is only the first step toward the development of our gait rehabilitation system. The next work to be done is to incorporate the approach proposed with further detailed design addressing many integration issues, such as the dynamic analysis of the system to study the interactive force between the patient and the mechanism.
